We found that a Ni-rich alloy with the composition of Ni 50 Pd 30 P 20 had high glass-forming ability. Bulk glassy alloy rods with diameters up to 7 mm can be easily formed by a water quenching method. Its mechanical properties were measured under compressive load. The bulk glassy alloy exhibits relatively high yield strength of 1780 MPa and good ductility as is evidenced from a large plastic elongation of 7.6% before final fracture. The elastic properties of this bulk glassy alloy were also investigated.
Introduction
Since the successful synthesis of bulk metallic glasses (BMGs) at the end of 1980's, the new materials have attracted much interest because of their unique physical and chemical properties. 1, 2) A number of BMGs with high glassforming ability (GFA) have been obtained in various multicomponent systems such as Ni-, [3] [4] [5] Pd-, 6) Zr-, 7) Cu-, 8) and based alloys. However, the absence of plastic elongation at room temperature is a serious obstacle for the application of these BMGs as engineering materials. It has been reported that Ni-based BMGs have the highest tensile strength. The further enhancement of ductility as well as glass forming ability is expected to enable a new type of Nibased alloy with higher reliability. Here we choose a Ni-Pd-P system known as one of the best glass-formers. As one of the methods to enhance the ductility, one can point out the homogeneous dispersion of short-range ordered clusters introduced by the additional element with a positive heat of mixing (ÁH mix ) against constituent elements. 10) Actually, Ma et al. have reported that addition of Cr, Mo, Fe or Ta for PdCu-Ni-P alloy is not so much effective to enhance their ductility.
11) For formation of liquidus clusters in the molten alloy, we shifted the alloy composition for Ni-rich direction from the best glass-forming composition of Ni 40 Pd 40 P 20 . This paper intends to present the formation, structure and mechanical properties of Ni 50 Pd 30 P 20 BMG.
Experimental Procedure
Mother alloy with a nominal composition of Ni 50 Pd 30 P 20 was prepared by arc melting a mixture of pure Ni and Pd metals and pre-alloyed Pd-P ingots in an argon atmosphere. The rapidly solidified ribbon sample with a thickness of about 0.02 mm was prepared by the single-roller melt spinning technique. Bulk samples in a cylindrical form with diameters ranging from 2 to 7 mm were prepared by copper mold casting and water quenching methods. The formation of a single glassy phase was identified by X-ray diffraction (XRD) using Cu K radiation. The thermodynamic parameters, including the glass transition temperature (T g ), crystallization temperature (T x ), melting temperature (T m ), and liquid temperature (T l ), were measured by differential scanning calorimetry (DSC) at a heating rate of 0.67 K s
À1
under a flow of pure argon gas. The elastic properties were measured by an ultrasonic sing-around technique. 12, 13) Mechanical properties under a compressive deformation mode were measured at room temperature with an Instron testing machine at a strain rate of 5:0 Â 10 À4 s À1 . Young's modulus was measured using a strain-gauge meter. The gauge dimension of the test specimen was 3 mm in diameter and 6 mm in length. The fracture feature of the deformed sample was examined by scanning electron microscopy (SEM).
Results and Discussion

Glass-forming ability
A single glassy phase in Ni 50 Pd 30 P 20 alloy was formed by the melt spinning method. The DSC curve of this glassy ribbon is shown in Fig. 1 . As seen in the figure, the alloy exhibits an endothermic reaction due to the glass transition, followed by a supercooled liquid region, an exothermic reaction due to crystallization, and then several steps of bulk Ni 50 Pd 30 P 20 glassy alloy. * Graduate Student, Tohoku University endothermic reactions due to melting. The T g , T x , T m , and T l are measured to be 594, 668, 890 and 1051 K, respectively. The supercooled region ÁT x (¼ T x {T g ) is 74 K and the reduced glass transition temperature T rg (¼ T g =T l ) is 0.58. These data suggest that the Ni 50 Pd 30 P 20 alloy is a relatively good glass former.
To identify the GFA of the Ni 50 Pd 30 P 20 alloy, the critical diameter for the formation of a glassy phase was measured. By a copper mold casting method, rod samples with a single glassy phase were obtained up to 3 mm in diameter. However, by using B 2 O 3 as a flux medium, much bigger glassy alloy rods are expected to be obtained. Bulk cylindrical rods with diameters ranging from 3 to 7 mm were prepared by melting the mother alloy with B 2 O 3 in a quartz tube, followed by water quenching. The morphology of the alloy rod with a diameter of 7 mm is shown in Fig. 2 . The rod has a mirror like smooth surface that exhibits good metallic luster, and neither concave nor cavity caused by a crystalline phase is observed. Figure 3 shows the X-ray diffraction pattern taken from the central region of the transverse plane of the 7 mm diameter rod. Only a diffuse halo, the characteristic of glassy structure, can be observed, and there is no diffraction peak indicating a crystalline phase. This result indicates that glassy rods can be prepared in the diameter range up to 7 mm by water quenching. The DSC measurement was made by using the fragment of the same region as that of the XRD sample. The DSC trace of the bulk sample is also shown in Fig. 1 . The bulk sample shows a distinct endothermic peak due to the glass transition at 599 K, followed by a sharp exothermic peak due to crystallization at 682 K, an endothermic event due to partial melting at 901 K, and then completion into a liquid phase at 1058 K. From these data, ÁT x (T x -T g ) is deduced to be as high as 83 K, and the reduced glass transition temperature T rg (T g =T l ) is calculated to be 0.57. Compared with the glassy Ni 50 P 30 P 20 ribbon sample, the bulk sample has a larger ÁT x value, which results from the higher T x . This is because most of heteronucleants are removed [14] [15] [16] by the B 2 O 3 flux treatment, and consequently crystallization is delayed.
When compared with the previously reported Ni-based alloys containing more than 50 at% Ni, the Ni 50 Pd 30 P 20 alloy has much higher GFA. The biggest critical diameter for bulk glass formation is 5 mm for the other Ni-based alloys 5) till now, while by water-quenching, a glassy rod with a diameter of at least 7 mm can be obtained for the Ni 50 P 30 P 20 alloy. Such a high GFA is good for engineering application.
Mechanical properties
To clarify the elastic properties at room temperature, a sample of 5 mm in diameter and 9 mm in length was machined from the 7 mm diameter glassy rod and polished for the ultrasonic sing-around measurement. The density of the alloy is measured to be 9.05 g/cm 3 . The transverse and longitudinal sound velocities are 2273 and 4954 m/s, respectively. From these parameters, Poisson radio is calculated to be 0.367 and shear modulus is 46.7 GPa. These elastic properties are similar to most of the other Ni-based alloys.
Compression test was performed for the glassy alloy rod with a diameter of 3 mm produced by water quenching. The stress-strain curve is provided in Fig. 4 where the slope has been calibrated using the Young's modulus data measured from the strain-gauge settlement. The glassy alloy rod is subject to elastic deformation, followed by plastic yielding, slight plastic deformation accompanying a slight work hardening, and distant plastic flow accompanying serrations. Finally the sample fractures with a big load dropping. In this test, Young's modulus E deduced from the strain-gauge settlement is 114 GPa and the yield stress y is 1780 MPa. It should be noticed that the total plastic elongation during the compressive test is as large as 7.6%, which is the largest value reported in Ni-based BMGs. SEM images of the compressive deformed sample are shown in Fig. 5 . Figure 5 (a) presents the outer surface of the specimen. The final fracture occurs along the maxim shear plane which is declined by about 45 to the direction of compressive load. It can be seen in Fig. 5(b) that the fracture surface exhibits a vein-like pattern, which is typical for ductile glassy alloys. Instead of a single shear band that leads to a catastrophic failure, multiple shear bands can be observed on the side surface of the deformed sample. In addition to the primary shear bands which are oriented by roughly 45 to the loading direction, some secondary shear bands are formed with an angle of about 45 to the primary ones. Such a phenomenon is similar to that of ductile Pt-CuNi-P 17) and Cu-Zr-Al 18) glassy alloys. It is believed that these multiple shear bands cause the large plastic deformation and make the alloy highly ductile. It should also be noticed that ramification occurs in some individual shear bands, which can clearly be seen especially near the fracture surface as shown in Fig. 5(c) . The formations of these branches can suppress the propagation of shear bands and restrict the cracking that will cause a catastrophic failure.
The plastic property is mainly dominated by the microstructure, and hence the glassy sample is examined by TEM. From the HRTEM image shown in Fig. 6 , it can be seen that the Ni 50 Pd 30 P 20 glassy alloy contains homogeneously dispersed short-range ordered clusters in glassy matrix. The size of these clusters ranges from about 1 to 2 nm.
The forming of these clusters is attributed to the introducing liquidus clusters in the molten alloy due to the compositional shift. These well-dispersed clusters could act as many pinning sites for shear band propagation. This pinning effect causes the change in stress mode from uniaxial to complicated multidirection. Consequently, a catastrophic failure could be suppressed and the plastic elongation might be appeared due to multiple shear bands. It is therefore concluded that the homogeneous dispersion of clusters in the glassy matrix is effective to enhance the ductility of the BMGs.
Conclusion
The Ni 50 Pd 30 P 20 alloy has high GFA, which is proved by the formation of bulk glassy rods with diameters up to 7 mm by water quenching. The 7 mm diameter sample shows a large supercooled region ÁT x of 83 K and high reduced glass transition temperature T rg of 0.57. The bulk glassy Ni 50 Pd 30 P 20 alloy rod also exhibits good mechanical properties. In compressive test, it shows high yield strength of 1780 MPa and large plastic elongation of 7.6%. It is concluded that the Ni-rich Ni 50 Pd 30 P 20 alloy has relatively high GFA and good mechanical properties. 
